l e t t e r s
The foreign body response is an immune-mediated reaction that can lead to the failure of implanted medical devices and discomfort for the recipient [1] [2] [3] [4] [5] [6] . There is a critical need for biomaterials that overcome this key challenge in the development of medical devices. Here we use a combinatorial approach for covalent chemical modification to generate a large library of variants of one of the most widely used hydrogel biomaterials, alginate. We evaluated the materials in vivo and identified three triazole-containing analogs that substantially reduce foreign body reactions in both rodents and, for at least 6 months, in non-human primates. The distribution of the triazole modification creates a unique hydrogel surface that inhibits recognition by macrophages and fibrous deposition. In addition to the utility of the compounds reported here, our approach may enable the discovery of other materials that mitigate the foreign body response.
The foreign body response to implanted biomaterials consists of inflammatory events and wound-healing processes 1 that lead to fibrosis. The cellular and collagenous deposition isolate the device from the host 1, 7, 8 . This can interfere with sensing of the host environment, lead to painful tissue distortion, cut off nourishment (for implants containing living, cellular components) and ultimately lead to device failure 1, 3 . Overcoming the foreign body response to implanted devices could pave the way for implementing new medical advances, making the development of materials with both anti-inflammatory and antifibrotic properties a critical medical need 1, 2, 4 . Macrophages are a key component of material recognition and actively adhere to the surface of foreign objects 1, 3, 5, 9, 10 . Objects too large for macrophage phagocytosis initiate processes that result in the fusion of macrophages into foreign-body giant cells 1, 3 . These multinucleated bodies amplify the immune response by secreting cytokines and chemokines that result in the recruitment of fibroblasts that actively deposit matrix to isolate the foreign material 1, 3, 11, 12 . This response has been described for materials that encompass a wide range of physicochemical properties, from naturally occurring polymers to synthetic materials 3, 9, 13 .
Alginate is a unique and versatile biomaterial that forms hydrogels in di-cationic aqueous solutions (Ca 2+ , Ba 2+ ) and has been used in numerous biomedical applications including drug delivery, tissue regeneration, implantable sensors and cell encapsulation 14, 15 . Its low cost, low toxicity, mild gelation (harmless to cells) and tunability has made alginate a popular coating in biomedical device research and the most commonly used material for encapsulation technologies 14 . The immune recognition of alginate microspheres results in even empty microspheres eliciting a foreign body response, and the presence of encapsulated allogeneic or xenogeneic donor tissue can further stimulate this response [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] . The fibrotic response to alginate has been observed in non-human primate (NHP) models, and the fibrosis of alginate microspheres in rodents has been shown to be strain dependent 26, 27 . Implantation of alginate microcapsules in the l e t t e r s intraperitoneal space of rodent models characterized as immune compliant (e.g., BALB/c) yields implants relatively free of fibrous deposition 26, 27 , but in C57BL/6J mice, microcapsules are covered with fibrous overgrowth, mimicking the foreign body response observed in humans and non-human primates 21, 22, 26 . Here we develop a large combinatorial library of hydrogels to identify materials with reduced immune recognition in preclinical fibrosis models, C57BL/6J mice and non-human primates.
Previous combinatorial approaches have developed materials for reducing biofouling and fibroblast activation 28, 29 , but to our knowledge there have been no reports of combinatorial development of materials for mitigating foreign body responses. The physicochemical parameters governing anti-fibrotic properties are not fully understood, making rationally designed approaches challenging 4, 6 . We developed a combinatorial biomaterial approach to generate a library of alginatebased hydrogels, using several diverse chemical reactions that covalently modify latent functionalities and properties on the polymeric alginate backbone (Supplementary Note and Supplementary Fig. 1 ). We used low molecular weight (MW), ultrapure alginate VLVG with high guluronate (G) content (>60% G, ~25 kDa MW, NovaMatrix) as the starting material and synthesized a 774-membered alginate analog library with a variety of amines, alcohols, azides and alkynes ( Fig. 1a) . Of the 774 alginate analogs, 35 analogs resulted in unacceptably low yields (<20%) and 634 alginates were determined to be capable of gelation after chemical modification (Fig. 1c) . These alginates were then evaluated as bulk hydrogels in vivo, using a rapid subcutaneous mouse model to measure levels of acute inflammation (Fig. 1b) 30 . This assay monitors inflammation subcutaneously with an imaging agent which yields increased fluorescence in response to increased cathepsin activity, a marker for immune cell activation 31, 32 . Two hundred analogs displayed fluorescent levels that were lower than the unmodified, ultrapure VLVG alginate (Fig. 1c) , and we verified that fluorescence levels were not artificially suppressed by the presence of barium in our implants (Supplementary Fig. 2a ).
Because microcapsules are the preferred alginate geometry in multiple applications 14, 18 , we took the 16 top-performing polymers and an additional 53 structurally diverse analogs represented in the top 200 ( Supplementary Table 1 ) and fabricated them into barium-alginate microcapsules, previously demonstrated to have long-term in vivo stability 17, 33, 34 . These microcapsules had diameters of 300 to 350 µm (a size at which alginate induces strong foreign body responses 35 ), and were evaluated subcutaneously one material per mouse ( Fig. 1d,e ). Of the 69 formulated alginate microcapsules ( Supplementary Table 1 ), we found several polymers with reduced cathepsin activity in vivo ( Fig. 1e) . We sampled the implant sites of the top ten alginates 28 d after implantation. Masson's trichrome (MT) staining of tissue sections showed that three modified alginates, Z2-Y12, Z1-Y15 and Z1-Y19, produced microcapsules with lower fibrotic overgrowth over the implant (Fig. 1f ; hematoxylin and eosin staining, Supplementary  Fig. 2b) . Quantification of the relative collagen density (blue pixel density) shows that these lead materials have lower collagen levels at the implant surface compared to the control microcapsules ( Fig. 1g) . To test if our results in the subcutaneous space translate to other implantation sites, we implanted microcapsules in the intraperitoneal space of C57BL/6J mice (Fig. 2) . The top ten lead modified alginates show varying degrees of fibrosis after 14 d, with the modified alginates Z2-Y12, Z1-Y15 and Z1-Y19 showing almost no fibrous deposition. All three of these lead materials contained a triazole functionality, the product of a Huisgen cycloaddition between azides and alkynes ( Fig. 2e) . Triazole-containing modifications associated with improved in vivo performance overall, with principal component functional group analysis of all 634 modified alginates clustering the 34 triazole-modified alginates from the 69 modified alginates selected for secondary screening, the 4 triazole alginates represented in the top 10 performers, and the 3 lead triazole alginates ( Supplementary Fig. 2c ). Both Z1-Y15 and Z1-Y19 also share the same PEG-azide linker whereas Z2-Y12 bears the more hydrophobic benzyl Z2 linker. Both Z2-Y12 and Z1-Y15 share six-membered heterocyclic end groups whereas Z1-Y19 bears an amine-substituted aromatic ring. Despite these similarities Z1-Y15 bears a more hydrophilic triazolethiomorpholine dioxide functionality versus the more hydrophobic triazole-tetrahydrofuran of Z2-Y12 and triazole-aniline of Z1-Y19, suggesting triazole modifications may be a versatile chemical space for designing biomaterials that can mitigate foreign body responses.
Cellular staining and confocal microscopy of the Z2-Y12, Z1-Y15 and Z1-Y19 microcapsules showed little to no presence of macrophages (CD68), myofibroblasts (α-smooth muscle actin, SMA) or general cellular deposition (DAPI) (Fig. 2b) . The conventional microcapsule alginate, however, showed substantial quantities of these cell populations on the retrieved microcapsules. We found lower levels of SMA and collagen 36 in Z2-Y12, Z1-Y15, Z1-Y19 as compared to the control microcapsules ( Fig. 2c,d) . To determine if cellular toxicity was a contributing factor, we tested microcapsules of our formulated lead materials in a cellular viability assay (CellTiter Glo) with murine macrophage RAW 264.7 cells ( Supplementary Fig. 2e ), but found no appreciable cellular toxicity. Z2-Y12 microcapsules showed the lowest cytokine levels and Z2-Y12, Z1-Y15 and Z1-Y19 microcapsules had lower levels of TNF-α and IL-4 as compared to SLG20 controls ( Supplementary Fig. 2f ). Quantification of 79 RNA sequences of known inflammation factors and immune cell markers isolated from retrieved Z2-Y12 microcapsules also provides evidence of lower levels of inflammation for these implants (Supplementary Fig. 3 ). The expression profile from the surrounding intraperitoneal fluid and fat tissue of the implanted microcapsules did not show significantly different profiles. In addition, no enrichment for any specific macrophage subtype was observed between Z2-Y12 and control microcapsules. To confirm that these results were not related to varied levels of contamination or incomplete alginate purification, we characterized control and the three lead alginate microcapsules for endotoxin, glucan, flagellin and lipoteichoic acid (LTA), a pathogen-associated molecular pattern that has previously been associated with incomplete alginate purification ( Supplementary Fig. 4 ) 18, [37] [38] [39] [40] [41] [42] [43] . No detectable amounts of any of these contaminants were measured in our control or lead material microcapsules.
We performed FACS analysis on retrieved microcapsules after 14 d in the intraperitoneal space and found that Z2-Y12, Z1-Y15 and Z1-Y19 microcapsules displayed substantially lower cell numbers of macrophage and neutrophil populations ( Fig. 3a and Supplementary  Fig. 5a-d) . To see if lower macrophage recruitment was evident in vivo, we performed intraperitoneal intravital imaging 7 d after implantation of fluorescent Z2-Y12 microcapsules in transgenic MAFIA mice (where macrophages express GFP) ( Fig. 3b and Supplementary Videos 1 and 2). Z2-Y12 microcapsules showed much lower levels of macrophages and no visible macrophage aggregation, in contrast to SLG20 microcapsules.
The lack of immune cell recruitment and/or activation to the surface of Z2-Y12, Z1-Y15 and Z1-Y19 microcapsules indicates that the chemical modification of the polymer chains may be creating distinctive surfaces. We performed confocal Raman spectroscopic mapping to determine the distribution of the Z2-Y12, Z1-Y15 and Z1-Y19 chemical modifications in the microcapsules ( Fig. 3c and Supplementary Fig. 6a,b) 200 alginate analogs displayed lower levels of cathepsin activity than the control alginate UPVLVG, the starting material for synthesis. (d) Microspheres of alginate analogs formulated using electrojetting. Different alginate analogs were blended with 20-50% SLG100 alginate to produce microcapsules with good spherical morphology. Scale bar, 1,000 µm. (e) Secondary cathepsin evaluation of 69 top analogs from the initial screen formulated as 300-µm microcapsules. Data normalized to the fluorescence of V/S microcapsules (V/S = UPVLVG/SLG100 blend; mean values shown). The ten analog microcapsules with the lowest cathepsin levels are highlighted in yellow, n = 10 (controls) and n = 3 (experimental). (f) Masson's trichrome (MT) 28-day subcutaneous histology of the top ten alginate analog microcapsules and the ultrapure control alginate microcapsules (SLG20, V/S = UPVLVG/SLG100 blend) that were implanted in e; n = 10 (controls) and n = 3 (experimental). Abnormal microcapsule morphology is caused by histological processing (dehydration) of the tissue. Scale bars, 400 µm. (g) Quantification of collagen density (blue pixel density) in the MT-stained histology images of the three lead materials shown in f; n = 3. The collagen density is plotted as a function of the distance from the implant surface to tissue interface (mean values ± s.e.m.). One-way ANOVA with Bonferroni correction was used to allow for statistical comparison of multiple means. #P < 0.05. l e t t e r s for the tetrahydropyran of Z2-Y12 and the thiomorpholine of Z1-Y15 had a higher intensity at the surface of the microcapsule than at the core. The aniline of Z1-Y19 showed a uniform distribution throughout the microcapsule cross-section, but modification at the surface was also present. We then performed freeze-fracture cryo-scanning electron microscopy (cryo-SEM) on Z2-Y12, Z1-Y15, and Z1-Y19 microcapsules to examine both the surface and core topography of our alginate-analog microspheres compared to controls (Fig. 3d) . The three lead microcapsules displayed a more variable porosity throughout the microcapsule core compared to either the blended control or conventional SLG20 microcapsules, with pores ranging from 1 µm to 10 µm in size ( Supplementary Fig. 6c ). The surfaces of Z2-Y12 and Z1-Y15 microcapsules showed fewer cratered features, whereas the surface of Z1-Y19 microcapsules appeared coarse (Fig. 3d) . These surface differences are likely created by interactions at the boundary layer between the modified polymer chains and the surrounding aqueous solution. Previous studies have established a relationship between the surface porosity of materials like polytetrafluoroethylene (PTFE) and angiogenesis, with larger pore sizes of PTFE inducing more angiogenesis than PTFE with smaller pore sizes 44, 45 . However, in our studies the three lead and control materials possess comparable porosities ( Supplementary Fig. 6c ), but still display different surface topographies ( Fig. 3d) . Polymer modification levels between 14-25% were measured for the different lead materials using elemental analysis ( Fig. 3e) . Using profilometry only Z1-Y19 microcapsules yielded surfaces with a markedly higher surface roughness (Pa) than controls and the other lead material microcapsules ( Fig. 3e) . No trend was observed between these roughness measurements and host responses, in contrast to other reports 46 . We next evaluated whether these lead materials gave rise to spheres with altered mechanical properties by determining their Young's modulus (Fig. 3e) 47 . The modulus for the lead materials was similar to the modulus of the control alginates and showed no trend with the biological responses characterized for each material (Fig. 3e) . Protein adsorption differences have been previously described with cation-coated alginate microcapsules 48 . We determined if these lead materials had anti-fouling properties by quantifying protein levels adsorbed to the material surface after incubation with fetal bovine The microcapsules were stained for macrophage markers (CD68), myofibroblast markers (α-smooth muscle actin, SMA) and general cellular deposition (DAPI). Scale bars, 100 µm. (c) Western blot analysis of protein extracted from the top three alginate analog microcapsules and control microcapsules in a. Blots were stained for SMA and loading was normalized to β-actin. SMA protein levels determined by quantification of band intensities from the blots shown in Supplementary Figure 2d (mean values ± s.e.m., n = 5). One-way ANOVA with Bonferroni correction was used to allow for statistical comparison of multiple means. #P < 0.05, *P < 0.01; ns, not significant. (d) Collagen content using a hydroxyproline quantification assay of protein extracted from the top three alginate analog microcapsules and control microcapsules in a, (mean values ± s.e.m., n = 5). One-way ANOVA with Bonferroni correction was used to allow for statistical comparison of multiple means. #P < 0.05, *P < 0.01; ns, not significant. (e) Chemical structures of the three lead materials. l e t t e r s serum. Lower protein levels were measured between the lead materials and SLG20 surfaces, but protein adsorption between lead and V/S surfaces were comparable.
To further evaluate performance of our lead combinatorial-modified materials, we tested our three lead materials Z2-Y12, Z1-Y15 and Z1-Y19 in a non-human primate model of fibrosis. Spheres with (c) Confocal Raman cross-section mapping of 300-µm Z2-Y12 microcapsules. The Raman peak at 830 cm −1 (shown in red) is indicative of the tetrahydropyranal modification of Z2-Y12, and the intensity of this peak is two times higher at the surface of the microcapsules than at the core. The peak at 1,000 cm −1 is mapped in green as a reference to the alginate backbone structure. The Raman spectrum of V/S microcapsules is also shown for reference. (d) Freeze-fracture cryo-SEM imaging of 300-µm Z2-Y12, Z1-Y15, Z1-Y19, V/S and SLG20 microcapsules. Representative images of the microcapsule surface topography is shown. Scale bars, 3 µm. (e) l e t t e r s narrowly distributed 1.5-mm diameters of SLG20 and Z2-Y12, Z1-Y15 and Z1-Y19 materials were separately implanted intraperitoneally into non-human primates (n = 3 each) using a minimally invasive laparoscopic procedure 49 . We retrieved the spheres by intraperitoneal lavage (Supplementary Video 3) and biopsied omental tissue at 4 weeks, with the Z2-Y12 primate cohort allowed to continue for 6 months. Whereas in our previous report SLG20 spheres with 1.5-mm diameters displayed a reduced foreign body response after 2 weeks in the intraperitoneal space in non-human primates 33 , there were among the SLG20 1.5-mm spheres retrieved after 4 weeks in the intraperitoneal space numerous spheres that were fibrosed and clumped together (Fig. 4a) . This result indicates that larger sphere size alone is not capable of long-term reduction of foreign body responses in non-human primates. Z2-Y12, Z1-Y15 and Z1-Y19 spheres with 1.5-mm diameters displayed substantially reduced fibrotic responses after 4 weeks in the intraperitoneal space compared to 1.5-mm SLG20 spheres. SLG20 spheres had more extensive immune macrophage and fibrosis-associated activated myofibroblast coverage ( Fig. 4b) , consistent with the visible fibrotic overgrowth seen in the phase contrast imaging. Z1-Y19 spheres displayed more coverage by macrophage and myofibroblasts than either Z2-Y12 or Z1-Y15, but less compared to SLG20. Z2-Y12 and Z1-Y15 spheres had markedly lower levels of SMA protein as compared to SLG20 spheres ( Fig. 4c) , but Z1-Y19 spheres did not, despite the lower average SMA measured. Hydroxyproline quantification revealed lower collagen levels for all three lead formulations compared to SLG20 ( Fig. 4d) . Histological analysis of embedded spheres in the surrounding omental tissue showed a similar trend to the phase-contrast imaging of particles retrieved from the lavage (Supplementary Fig. 7a ). MT and HE staining showed that Z1-Y15 and Z1-Y19 spheres displayed thinner fibrotic spheres than SLG20 spheres, and in the case of Z2-Y12 no embedded spheres could be found in the omental tissue at 4 weeks, suggesting spheres did not adhere to the omental tissue due to lack of fibrosis. Z2-Y12 spheres retrieved after 6 months were largely clean ( Fig. 4e,f) of fibrotic deposition and showed few associated macrophages or myofibroblasts ( Fig. 4f) . Interestingly, cells visible on some spheres by confocal imaging do not stain for CD68, CD11b, SMA, Ly6g or F-actin.
Using combinatorial methods we have developed a large library of alginate hydrogels and identified chemical modifications that substantially reduce the inflammatory effects of alginate hydrogels and improve their performance in non-human primates. In these studies, the nature of the chemical modification proved crucial, as bulk properties, such as mechanical stability, surface roughness and protein adsorption, could not explain in vivo performance, and larger spheres alone could not mitigate long-term fibrosis in non-human primates. Among the three lead materials, the two (Z2-Y12, Z1-Y15) that displayed l e t t e r s enriched surface localization of their modification by confocal Raman also performed better in non-human primates than the one (Z1-Y19) that had a more uniform modification distribution. All three lead modifications were triazole derivatives, which suggests that this class of molecules may modulate immune cell populations at the surface of these materials, specifically macrophages, in a manner that inhibits their activation and disrupts fibrotic processes. To our knowledge, no previous study has evaluated the ability of triazole-containing materials to mitigate foreign body responses. Although there is a small-molecule triazole scaffold currently being investigated as an immunomodulatory agent 50, 51 , the molecular target of this compound has not been determined and activity is attributed to modulation of cellular signaling in T cells, not macrophages 51 . Triazole surface modification may have broad impact in biomedical applications that use alginate-based materials-such as drug delivery, cell encapsulation, tissue engineering and implantable sensors-or other implantable materials. We further show the clinical potential of these materials in a related study where one of our lead modified alginates, Z1-Y15, supported long term glycemic correction of immune-competent diabetic mice with encapsulated human stem cell-derived beta cells 52 . Clinical application of these materials is also facilitated by the emergence of methods for terminal sterilization that do not affect hydrogel or modification stability 53, 54 . The approach for combinatorial modification and biological evaluation described here provides a general strategy for the identification of materials that can mitigate the foreign body response and improve the long-term performance of implanted products.
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oNLINe MeTHodS
In brief, all materials were implanted subcutaneously or intraperitoneally into and retrieved at specified times from C57BL/6J mice in accordance with approved protocols and federal guidelines. Sample processing, staining, FACS, NanoString expression analysis, and imaging were performed as detailed below. Representative images in all figures are from n = 5 mice or n = 3 non-human primates per treatment group unless specified otherwise. One-way ANOVA with Bonferroni correction was utilized to allow for statistical comparison of multiple means. #P < 0.05, *P < 0.01, ***P < 0.0001, ns = not significant. Quantified data from in vivo samples are group mean values ± s.e.m., while quantified data from in vitro experiments are mean values ± s.d.
Statistical analysis. Data are expressed as mean ± s.e.m., and n = 5 for mice and n = 3 for non-human primates per time point and per treatment group, unless specified otherwise. FACS data were analyzed for statistical significance either by unpaired, two-tailed t-test, or one-way ANOVA with Bonferroni multiple comparison correction, unless indicated otherwise, as implemented in GraphPad Prism 5; #P < 0.05, *P < 0.01, **P < 0.001, and ***P < 0.0001. Western blot and collagen quantification assays were analyzed for statistical significance using one-way ANOVA with Bonferroni multiple comparison correction in Origin 8.5, with significance levels specified in the figure captions. High-throughput NanoString-based gene expression data were normalized using the geometric means of the NanoString positive controls and background levels were established using the means of the negative controls. The sum of the housekeeping genes Tubb5, Hprt1, Bact and Cltc were used to normalize between samples. Data were then log-transformed. For each gene of interest and compartment group, a one-way ANOVA for the effect of material was performed. P-values were computed from pairwise comparisons performed using Tukey's Honest Significant Difference test and the method of Benjamini and Hochberg was used to control the false discovery rate under 0.05. Genes were considered differentially expressed if P < 0.05.
Alginate chemical modification. Alginate amidation. Alginate (Pronova UPVLVG from NovaMatrix, 1 equiv., 100 mg = 0.52 mmol of COOH available for reaction) was dissolved as a 2% alginate solution in a 3:2 water:acetonitrile mixture (5 ml total volume). Amine (N1 to N9, Z1, Z2) (1 equiv., Sigma Aldrich or TCI America) was then added to the mixture along with the coupling agent 2-chloro-4,6-dimethoxy-1,3,5-triazine (CDMT, 0.5 equiv., 45 mg, Sigma Aldrich) and 4-methylmorpholine (NMM, 1 equiv., 56 µl, Sigma Aldrich). The mixture was stirred at 55 °C overnight and the solvent was removed under reduced pressure. The resulting solid was dissolved in water and filtered through cyano-modified silica gel (Silicycle) to remove insoluble precipitate. The resulting solution was then dialyzed against a 10,000 MWCO dialysis membrane overnight with DI water to further purify the polymer. The resulting solution was then lyophilized to get purified compound.
Alginate esterification. Alginate (Pronova UPVLVG from NovaMatrix, 1 equiv., 100 mg = 0.52 mmol of COOH available for reaction) was dissolved as a 2% alginate solution in a 3:2 water:alcohol (O1 to O12) mixture (5 ml total volume). The coupling agent 2-chloro-4,6-dimethoxy-1,3,5-triazine (CDMT, 0.5 equiv., 45 mg, Sigma Aldrich) and 4-methylmorpholine (NMM, 1 equiv., 56 µl, Sigma Aldrich) was then added and the mixture was stirred at 55 °C overnight. The next day the solvent was removed under reduced pressure. The resulting solid was dissolved in water and filtered through cyano-modified silica gel (Silicycle) to remove insoluble precipitate. The resulting solution was then dialyzed against a 10,000 MWCO dialysis membrane overnight with DI water to further purify the polymer. The resulting solution was then lyophilized to get purified compound.
Huisgen cycloaddition ("Click"). In a second step, alginates reacted with Z2 were dissolved in a solution of water: methanol 1:1 (5 ml total). Sodium azide (0.25 equiv, 19 mg, Sigma Aldrich), sodium l-ascorbate (0.05 equiv, 19 mg, Sigma Aldrich), trans-N,N′-dimethylcyclohexane-1,2-diamine (0.25 equiv., typically 20 µl, Sigma Aldrich), copper(I)-iodide (0.5 equiv, 10 mg, Sigma Aldrich) were added as coupling agents. Then 0.51 mmol of the respective alkyne (Y1 to Y20) was added and the mixture was stirred at 55 °C overnight. The solvent was removed under reduced pressure. The resulting solid was dissolved in water and filtered through cyano-modified silica gel to remove insoluble precipitate. The clear solution was lyophilized and dissolved in 5 ml of water and dialyzed. The resulting solution was then dialyzed against a 10,000 MWCO dialysis membrane overnight with DI water to further purify the polymer. The resulting solution was then lyophilized to get purified compound.
In a second step, alginates reacted with Z1 were dissolved in a solution of water: methanol 1:1 (5 ml total). Tris[(1-benzyl-1H-1,2,3-triazol-4-yl) methyl]amine (TBTA, 0.2 equiv, 50 mg, Sigma Aldrich), triethylamine (0.25 equiv., typically 15 µl, Sigma Aldrich), Copper(I)-Iodide (0.25 equiv, 5 mg, Sigma Aldrich) were added as coupling agents. Then 0.51 mmol of the respective alkyne was added and the mixture was stirred at 55 °C overnight. The solvent was removed under reduced pressure. The resulting solid was dissolved in water and filtered through cyano modified silica gel to remove insoluble precipitate. The clear solution was lyophilized, dissolved in 5 ml of water and dialyzed. The resulting solution was then dialyzed against a 10,000 MWCO dialysis membrane overnight with DI water to further purify the polymer. The resulting solution was then lyophilized to get purified compound.
Optimized syntheses for preparation of Z2-Y12, Z1-Y15 and Z1-Y19. Z2-Y12 amine: 10 g of 2-(2-propynyloxy) tetrahydropyran (1 equiv. 71.36 mmol) was added to a solution of 5.1g sodium azide (1.1 equiv, 78.5 mmol), 1.41 g sodium ascorbate (0.1 equiv, 7.14 mmol), 2.29 ml trans-N-N′-dimethylcyclohexane-1,2-diamine (0.25 equiv, 17.83 mmol), 3.4 g copper(I)-iodide (0.025 equiv, 17.83 mmol) in 75 ml methanol. To this mixture 19.97 g of 4 iodobenzylamide HCl was added. The reaction was stirred overnight at 55 °C. The solvent was removed under reduced pressure. The crude reaction was purified by liquid chromatography with dichloromethane:ultra (22% MeOH in DCM with 3% NH 4 OH) mixture 0% to 40% on silica gel. The product was then reacted with alginate as described below.
Z1-Y15 amine: 3.5 g of 4-propagylthiomorpholine 1,1-dioxide (1 equiv. 20 mmol) was added to a solution of 2.5g TBTA (0.2 equiv, 4 mmol), 750 µl triethylamine (0.5 equiv, 10 mmol), 250 mg copper(I)-iodide (0.06 equiv., 1.3 mmol) in 50 ml methanol. The mixture was cooled to 0 °C and 5.25 ml of 11-azido-3,6,9trioxaundecan-1-amine (1 equiv, 20 mmol) was added. The reaction was stirred overnight at 55 °C. The solvent was removed under reduced pressure. The crude reaction was purified by liquid chromatography with water: acetonitrile mixture 0% to 100% on a C18 column. The product was then reacted with alginate as described below.
Z1-Y19 amine: 3 g of 4-ethynylaniline (1 equiv., 20.2 mmol) was added to a solution of 2.5 g TBTA (0.2 equiv., 4 mmol), 750 µl triethylamine (0.5 equiv., 10.1 mmol), 250 mg copper(I)-iodide (0.06 equiv, 1.31 mmol) in 50 ml methanol. The mixture was cooled to 0 °C and 5.25 ml of 11-azido-3,6,9-trioxaundecan-1-amine (1 equiv, 20 mmol) was added. The reaction was stirred overnight at 55 °C. The solvent was removed under reduced pressure. The crude reaction was purified by liquid chromatography with dichloromethane:ultra (22% MeOH in DCM with 3% NH 4 OH) mixture 0% to 30% on a cyano-functionalized silica column. The product was then reacted with alginate as described below.
Alginate reaction: 1.5 g of VLVG (1 equiv) was dissolved in 45 ml of water and 675 mg of 2-chloro-4,6-dimethoxy-1,3,5-triazine (CDMT, 0.5 equiv) and 840 µl of N-methylmorpholine (NMM, 1 equiv.) was added. Then 7.65 mmol of the Z2-Y12, Z1-Y15, or Z1-Y19 amine was dissolved in 22.5 ml acetonitrile and added to the mixture. The reaction was stirred overnight at 55 °C. The solvent was removed under reduced pressure and the solid was dissolved in water. The solution was filtered through a pad of cyano-functionalized silica and the water was removed under reduced pressure to concentrate the solution. It was then dialyzed against a 10,000 MWCO membrane in DI water overnight. The water was removed under reduced pressure to give the functionalized alginate.
Alginate gelation assay. The gelation of alginate analogs was evaluated using a fluorescence entrapment assay. A volume of 100 µl of a 1% (w/v) solution of alginate was dispensed into the wells of a 96-well opaque plate. A volume of 1 µl of a 1% (w/v) solution of rhodamine B (Sigma-Aldrich, cat#: 83689) in DMSO was then added to each well, followed by addition of 50 µl of a 1 M barium chloride solution. The mixture was incubated for 10 min on an orbital shaker, and then all the excess solution was removed (only hydrogel should remain in the well, if present). The wells were then washed 3 times with 100 µl of deionized water, taking care not to disturb any hydrogels that have formed in the wells. Fluorescence was then measured using a M200 Tecan plate reader with a gain setting of 52 and an excitation wavelength of 540 nm and an emission wavelength of 580 nm. UPVLVG alginate was used as a positive control, deionized water as a negative control. Analogues yielding fluorescence values greater than 15,000 were classified as competent hydrogels.
Subcutaneous cathepsin measurements of bulk hydrogels. Primary subcutaneous evaluation of the entire alginate analog collection was performed with multiple implantations per mouse as described in Bratlie et al. 30 Briefly, 2% (w/w) alginate solutions of each analog were subcutaneously injected into bilateral sites on the dorsal surface of female SHK-1 mice in an eight-array format, 0.8 cm paramedian to the midline and 1 cm between adjacent sites. Alginate solutions were then cross-linked in situ with a successive injection of 50 µl of 100 mM calcium chloride solution. Each mouse was implanted with a control unmodified UPVLVG alginate solution to serve as an internal control for fluorescence normalization during 7-d imaging with Prosense.
Microcapsule/sphere formation. All buffers were sterilized by autoclave and alginate solutions were sterilized by filtration through a 0.2 µm filter. After solutions were sterilized, aseptic processing was implemented by performing capsule formation in a type II class A2 biosafety cabinet to maintain sterility of manufactured microcapsules/spheres for subsequent implantation. An electrostatic droplet generator was set up in the biosafety cabinet as follows: an ES series 0-100 kV, 20 Watt high voltage power generator (Gamma ES series, Gamma High Voltage Research, FL, USA) is connected to the top and bottom of a blunt-tipped needle (SAI Infusion Technologies, IL, USA). This needle is attached to a 5 ml luer lock syringe (BD, NJ, USA) which is clipped to a syringe pump (Pump 11 Pico Plus, Harvard Apparatus, MA, USA) that is oriented vertically. The syringe pump pumps alginate out into a glass dish containing a 20 mM barium 5% mannitol solution (Sigma Aldrich, MO, USA). The settings of the PicoPlus syringe pump are 12.06 mm diameter and 0.2 ml/min flow rate. After the capsules are formed, they are then collected and then washed with HEPES buffer (NaCl 15.428 g, KCl 0.70 g, MgCl 2 *6H 2 O 0.488 g, 50 ml of HEPES (1 M) buffer solution (Gibco, Life Technologies, California, USA) in 2 L of DiH 2 O) 4 times. The alginate capsules are left overnight at 4 °C. The capsules are then washed 2 times in 0.8% saline and kept at 4 °C until use. The control VLVG/SLG100 (V/S) blend had to receive additional washing, 7 l of 0.8% saline over a period of 7 d, due to a high quantity of initial barium release in this formulation (this barium release was not observed for any other formulation as monitored using inductively coupled plasma atomic emission spectroscopy, ICP-AES).
To solubilize alginates, SLG20 (>60% G, 75-220 kDa MW, NovaMatrix, Sandvika, Norway) was dissolved at 1.4% weight to volume in 0.8% saline. SLG100 (>60% G, 200-300 kDa MW, NovaMatrix, Sandvika, Norway) was dissolved at 1.2% weight to volume in 0.8% saline. UPVLVG (NovaMatrix, Sandvika, Norway) was dissolved at 5% weight to volume in 0.8% saline. All modified alginates were initially dissolved at 5% weight to volume in 0.8% saline. Modified alginates were then blended with 3% weight to volume SLG100, dissolved in 0. Implantation of the hydrogel microcapsules and spheres. All animal protocols were approved by Animal Care Committees at both MIT and UIC (for primate studies), and all surgical procedures and post-operative care was supervised by MIT Division of Comparative Medicine veterinary staff. After implantation, mice were randomized by number assignment to blind investigators. Samples obtained for analysis were unblinded only after implantation outcome was assessed. Immune-competent male C57BL/6J mice (Jackson Laboratory, Bar Harbor, ME) were anesthetized with 3% isoflurane in oxygen and had their abdomens shaved and sterilized using betadine and isopropanol. A 0.5 mm incision was made along the midline of the abdomen and the peritoneal lining was exposed using blunt dissection. The peritoneal wall was then grasped with forceps and a 0.5-1 mm incision was made along the linea alba. A volume of 350 µl of microcapsules was then loaded into a sterile pipette and implanted into the peritoneal cavity through the incision. The incision was then closed using 5-0 taper tipped polydioxanone (PDS II) absorbable sutures. The skin was then closed over the incision using a wound clip and tissue glue. Preoperatively, all mice also received a 0.05 mg/kg dose of buprenorphine subcutaneously as a pre-surgical analgesic, along with 0.3 ml of 0.9% saline subcutaneously to prevent dehydration.
Non-human primate implantations were performed following the procedure outlined in Qi, M. et al. 49 . Briefly, the animal was fasted for 12 h before surgery. Prior to surgery, the animal was given buprenorphine (0.01-0.03 mg/kg) as a pre-operative analgesic, and cefazolin (25 mg/kg) as a prophylactic antibiotic, via intramuscular injection. The animal was then sedated with ketamine (10 mg/kg) given intravenously as an induction agent. Intubation and a continuous infusion of isofluorane gas through an endotracheal tube was maintained through the duration of the procedure.
The animal was placed in a supine position and the abdomen shaved and sterilized using alternating scrubs of betadine and isopropyl alcohol. The animal was be moved to the operating surface and the maintenance of body temperature aided by the use of a heated, circulating water pad. A sterile area was established with the use of surgical drapes. A small 2 cm supra-umbilical incision was made and a 5 mm trocar was positioned. A pneumoperitoneum was established using a commercial insufflator and CO 2 with the pressure maintained at 12 mm Hg. A second 1-2 cm incision was made along the midline and a second 5 mm trocar was positioned. A non-heat generating light source and video laparoscope was inserted through one trocar and images of the abdominal viscera were taken to assure normalcy. A sterile, flexible catheter was inserted through the second trocar and used to distribute the capsules throughout the abdominal cavity. The implant of 10 ml of hydrogel capsules were suspended in 30 ml of 0.9% sterile saline and gently infused at a rate no greater than 30 ml/min. The abdomen was then desufflated and the trocars were removed. The small incisions created by the trocars were then closed using a simple, interrupted pattern using an absorbable suture and tissue glue.
Retrieval of cells, tissues and materials.
At desired time points postimplantation, as specified in figures, mice were euthanized by CO 2 administration, followed by cervical dislocation. In certain instances, 5 ml of ice cold PBS was first injected in order perform an intraperitoneal lavage to rinse out and collect free-floating intraperitoneal immune cells. An incision was then made using the forceps and scissors along the abdomen skin and peritoneal wall, and intraperitoneal lavage volumes were pipetted out into fresh 15 ml falcon tubes (each prepared with 5 ml of RPMI cell culture media). Next, a wash bottle tip was inserted into the abdominal cavity. KREBS buffer was then used to wash out all material capsules from the abdomen and into Petri dishes for collection. After ensuring all the capsules were washed out or manually retrieved, if fibrosed directly to intraperitoneal tissues, they were transferred into 50 ml conical tubes for downstream processing and imaging. Using this method, we recover 70% of the original implant volume, about 250 µl of capsules. In the case of Z2-Y12, after intraperitoneal lavage and capsule retrieval intraperitoneal fat pad tissue was also excised for downstream FACS and expression analyses.
Non-human primate retrievals were performed at the specified time points following the procedure outlined in Qi, M. et al. 2 . Survival retrieval surgeries were conducted using the same methods described for implantation, with the exception that capsules were retrieved instead of implanted. Approximately 30 ml of sterile 0.9% saline was used to gently flush the peritoneal cavity and then gently aspirated back into the syringe. Closure was conducted with the same methods described for implantation. The level of adhesions and bioreactivity were also assessed. Images of the abdominal viscera and the positioning of the capsules were taken. Samples of the omentum were also be taken to test for embedded capsules and fibrosis. Throughout, clinical health was monitored by veterinary staff.
Imaging of the retrieved material capsules. For phase contrast imaging retrieved materials were gently washed using Krebs buffer and transferred into 35 mm Petri dishes for dark-field microscopy using an Evos Xl microscope (Life Technologies).
Subcutaneous cathepsin measurement of implanted capsules. Female SKH1 mice (6 weeks old) were used for this assay. A volume of 100 µl of capsules were resuspended in 200 µl of saline, and injected subcutaneously into the mouse on the left side of upper back. The mice were fed on AIN-93G purified rodent diet (TD 94045, Harlan) to minimize the fluorescent background after injection. Six days later, 100 µl (4 nmol) of ProSense 750 FAST (NEV11171, PerkinElmer Inc.) per mouse was injected intravenously via tail vein. At day 7 (i.e., 24 h post the ProSense 750 FAST intravenous administration), the mice were scanned by IVIS Spectrum system (Xenogen, Caliper LifeScience). The mice were anesthetized using 3% isofluorane in oxygen and maintained at the same rate throughout the procedure, and the settings of the IVIS Spectrum system were Exposure = 7.50, Binning = Medium, FStop = 2, Excitation = 605 and Emission = 660. The images were analyzed with Living Image Software, and the right side of upper back on the same mouse was used as a background control for signal quantification. Histology quantification. Data were collected from sectioned tissue within 51 µm from the tissue-implant interface in Masson's trichrome stained slides. Five different fields were randomly examined in each section, and three sections were analyzed, with each section coming from a different biological replicate. Blue pixel density was measured in MATLAB as a function of distance from the tissue-implant interface, and expressed as a percentage of average maximum pixel density as determined from all analyzed sections. All data are presented as the mean of all measurements.
PCA analysis. The chemical functional groups of all modifications in the alginate library were identified manually. Principal components analysis (PCA) was performed on the number of various types of functional groups, and the library was plotted along the first two principal components using the software package R. The top performing modifications were indicated upon processing.
Cell staining and confocal immunofluorescence. Retrieved samples were fixed in 4% paraformaldehyde overnight (diluted in 1× PBS). Samples were then washed in Krebs Buffer (7.889 Protein extraction. Retrieved capsules were sonicated with three 30 s pulses at 70% amplitude (QSonica Sonicator, Model#Q125, QSonica LLC) on ice using either RIPA buffer (Pierce, cat. #89901, ThermoScientific) for western blot analysis or NP40 cell lysis buffer (cat #FNN0021, Invitrogen) for Elispot analysis. A ratio of 100 µl capsules to 200 µl lysis buffer with 100 mM PMSF and 1× protease inhibitors (Halt Protease inhibitor single-use cocktail, Cat. #78430, Thermo Scientific). Lysates were centrifuged for 20 min at 12,000 r.p.m. at 4 °C, the supernatant which contains proteins was aspirated into a fresh tube kept on ice. The pellets were washed with the same volume of lysis buffer (i.e., the pellet of 100 µl capsules were washed with 200 µl lysis buffer), and then centrifuged for 20 min at 12,000 r.p.m. at 4 °C, combined the supernatant with the previous one. The proteins were stored at -80 °C for future use.
Mouse cytokine array. This assay was accomplished with Proteome Profiler
Mouse Cytokine Array Panel A kit (Cat#ARY006, R&D system) 35 . For each membrane, 200 µl of protein solution was mixed with 100 µl of sample buffer (array buffer 4) and 1.2 ml of block buffer (array buffer 6), then added with 15 µl of reconstituted Mouse Cytokine Array Panel A Detection Antibody Cocktail and incubated at room temperature for 1 h. The array membrane was incubated with block buffer (array buffer 6) for 2 h on a rocking platform shaker in the meantime, and then the block buffer was aspirated, the prepared sample/antibody mixture was added onto the membrane and incubated overnight at 4 °C on a rocking platform shaker. The membrane was washed with 20 ml of 1× wash buffer for 10 min on a rocking platform shaker for three time and rinsed with deionized water once, then was probed with Fluorophoreconjugated streptavidin (1:5,000 dilution, Cat#926-32230, Li-Cor) at room temperature for 30 min on a rocking platform shaker, washed with wash buffer for three times and rinsed with deionized water once again as in above steps. Antibody-antigen complexes were visualized using Odyssey Detection (Li-Cor, Serial No. ODY-2329) at 800 nm wavelengths. The densities of the spots were analyzed by Image J software.
Western blot analysis.
A volume of 12 µl of protein solution (see Protein Extraction) was mixed with 1× loading buffer (SDS-Sample buffer, Cat.#BP-111R, Boston BioProducts) for each lane, boiled at 95 °C for 20 min, and electrophoresed on SDS polyacrylamide gels (Any K d 15-well comb mini-gel, Standard, Blank, or Sample were added per well, the plated was sealed and incubated for 90 min at 37 °C. Five replicates were run for each sample tested. Each well was aspirated and washed with washing buffer three times. 100 µl of the biotinylated Mouse Flagellin antibody liquid were added to each well, sealed and incubated for 60 min at 37 °C. Each well was aspirated and washed with washing buffer three times. A volume of 100 µl of enzyme-conjugated liquid were added to each well, sealed and incubated for 30 min at 37 °C. Each well was aspirated and washed with washing buffer five times, and then 100 µl of Color Reagent liquid were added to each well, sealed and incubated at 37 °C no more than 30 min until darker color for high concentration of standard curve and color gradient were observed. Finally, 100 µl of Color Reagent C was added to each well to stop the reaction and the plate was read at 450 nm within 10 min.
Mechanical testing and Young's modulus determination.
Mechanical parallel plate compression measurements were performed by CellScale Biomaterials Testing using a CellScale MicroSquisher. Spheres from each material group from each material group (SLG20, V/S, Z1-Y19, Z1-Y15 and Z2-Y12) were compressed between a fixed stainless steel block and a moving stainless steel upper platen. The samples were immersed in room temperature saline solution (Fisher Scientific 312651) for testing. The samples were transferred to the testing chamber using a pipette. The diameter of each sample was determined using the control software measuring tool and then each sample was compressed by 40% of its initial diameter in 80s and unloaded in 80s. Five or more samples of each specimen type were tested. Images and data (time, force, displacement, and size) were collected at 1 Hz for the duration of the test. Young's modulus for each sample was then determined as described in Kim et al. 47 .
Profilometry. Surface profiling and roughness measurements were performed with a Bruker Dektak XT stylus profilometer. A volume of 100 µl of 1.35-1.5 mm diameter spheres were placed on a glass microscope slide, with excess solution wicked off using a kimwipe. Three spheres from each material group (SLG20, V/S, Z2-Y12, Z1-Y15 and Z1-Y19) were profiled using a standard scan with a hills and valley profile and a 6.5 µm range over a 300 µm distance for 15 s. The stylus used had a radius of 12.5 µm and a stylus force of 2 mg was applied. Surface roughness (P a ) was determined from each profile using the Vision64 software. NanoString analysis. RNAs for mock-implanted (MT) controls, or 300 µm alginate capsule-bearing mice (n = 5/group) were isolated from tissue samples taken at various time points after implantation. RNAs were quantified, diluted to the appropriate concentration (100 ng/µl), and 500 ng of each sample was processed according to NanoString manufacturer protocols for expression analysis via our customized multiplexed 79-gene inflammation and immune cell marker panel. RNA levels (absolute copy numbers) were obtained following nCounter (NanoString Technologies Inc., Seattle, WA) quantification, and group samples were analyzed using nSolver analysis software (NanoString Technologies Inc., Seattle, WA).
FACS analysis.
Single-cell suspensions of freshly excised tissues were prepared using a gentleMACS Dissociator (Miltenyi Biotec, Auburn, CA) according to the manufacturer's protocol. Single-cell suspensions were prepared in PEB dissociation buffer (1× PBS, pH 7.2, 0.5% BSA, and 2 mM EDTA) and suspensions were passed through 70 µm filters (Cat. #22363548, Fisher Scientific, Pittsburgh, PA). All tissue and material sample-derived, single-cell populations were then subjected to red blood cell lysis with 5 ml of 1× RBC lysis buffer (Cat. #00-4333, eBioscience, San Diego, CA, USA) for 5 min at 4 °C. The reaction was terminated by the addition of 20 ml of sterile 1× PBS. The cells remaining were centrifuged at 300-400g at 4 °C and resuspended in a minimal volume (~50 µl) of eBioscience Staining Buffer (cat. #00-4222) for antibody incubation. All samples were then co-stained in the dark for 25 min at 4 °C with two of the fluorescently tagged monoclonal antibodies specific for the cell markers CD68 (1 µl (0.5 µg) per sample; CD68-Alexa647, Clone FA-11, Cat. #11-5931, BioLegend) 35 , Ly-6G (Gr-1) (1 µl (0.5 µg) per sample; Ly-6G-Alexa-647, Clone RB6-8C5, Cat. #108418, BioLegend) 35 , CD11b (1 µl (0.2 µg) per sample; or CD11b-Alexa-488, Clone M1/70, Cat. #101217, BioLegend) 35 .
Two ml of eBioscience Flow Cytometry Staining Buffer (cat. #00-4222, eBioscience) was then added, and the samples were centrifuged at 400-500 g for 5 min at 4 °C. Supernatants were removed by aspiration, and this wash step was repeated two more times with staining buffer. Following the third wash, each sample was resuspended in 500 µl of Flow Cytometry Staining Buffer and run through a 40 µm filter (Cat. #22363547, Fisher Scientific) for eventual FACS analysis using a BD FACSCalibur (cat. #342975), BD Biosciences, San Jose, CA, USA). For proper background and laser intensity settings, unstained, single antibody, and IgG (labeled with either Alexa-488 (CA# 400625) 35 or Alexa-647 (CA# 400526, BioLegend) 35 controls were also run.
Intravital imaging. For intravital imaging, 300 µm SLG20 and Z2-Y12 hydrogel capsules were loaded with Qdot 605 (Life technologies, Grand Island, NY) and surgically implanted into C57BL/6J-Tg(Csf1r-EGFP-NGFR/FKBP1A/ TNFRSF6)2Bck/J mice (MAFIA) as described above. After 7 d post implantation, the mice were placed under isoflurane anesthesia and a small incision was made at the site of the original surgery to expose beads. The mice were placed on an inverted microscope and imaged using a 25×, N.A. 1.05 objective on an Olympus FVB-1000 MP multiphoton microscope at an excitation wavelength of 860 nm. Z-stacks of 200 µm (10 µm steps) were acquired at 2-min intervals for time series of 20-45 min depending on the image. The mice were kept under constant isoflurane anesthesia and monitored throughout the imaging session. Obtained images were analyzed using Velocity 3D Image Analysis Software (Perkin Elmer, Waltham, MA).
